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Objectives: To evaluate the effects of low-magnitude high-frequency vibration (LMHFV) on degenerated
articular cartilage and subchondral bone in anterior cruciate ligament transection (ACLT) induced
osteoarthritis (OA) rat model.
Methods: 6 months old female Sprague-Dawley rats received ACLT on right knee and randomly divided
into treatment and control groups. OA developed 12 weeks after surgery. LMHFV (35 Hz, 0.3 g) treatment
was given 20 min/day and 5 days/week. After 6, 12 and 18 weeks, six rats of each group were sacriﬁced at
each time point and the right knees were harvested. OA grading score, distal femur cartilage volume
(CV), subchondral bone morphology, elastic modulus of cartilage and functional changes between groups
were analyzed.
Results: Increased cartilage degradation (higher OA grading score) and worse functional results (lower
duty cycle, regular index and higher limb idleness index) were observed after LMHFV treatment
(P ¼ 0.011, 0.020, 0.012 and 0.005, respectively). CV increased after LMHFV treatment (P ¼ 0.019).
Subchondral bone density increased with OA progress (P < 0.01). Increased BV/TV, Tb.N and decreased
Tb.Sp were observed in distal femur epiphysis in LMHFV treatment group (P ¼ 0.006, 0.018 and 0.011,
respectively).
Conclusion: LMHFV accelerated cartilage degeneration and caused further functional deterioration of OA
affected limb in ACLT-induced OA rat model. In contrast, LMHFV promoted bone formation in OA affected
distal femur epiphysis, but did not reverse OA progression.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is the most common degenerative joint
disease1. Mechanical loading plays an important role on the onset
and progression of OA. Abnormal mechanical load due to obesity,
joint mal-alignment, previous injury and weakened quadriceps
strength correlate to the onset and development of OA2,3. However,
regular moderate-level physical activity and aerobic exercise do not
exacerbate but beneﬁt knee OA4,5..-H. Cheung, Department of
es Building, Prince of Wales





ternational. Published by Elsevier LChondrocytes synthesize articular cartilagematrix andmaintain
cartilage function. They respond to a wide array of mechanical
stimuli including compression, shear, tension and hydrostatic
pressure6. Previous studies found that mechanical stimulation not
only enhanced collagen and chondrogenic markers expression in
normal cartilage7, but also increased matrix accumulation and
decreased matrix metalloproteinase production in osteoarthritic
chondrocytes8. In contrast, some other studies showed controver-
sial results, reporting that mechanical stimulation increased
aggrecan mRNA and decreased MMP3 mRNA expression in normal
cartilage but this effect was not observed in osteoarthritic
chondrocytes9,10.
Low-magnitude high-frequency vibration (LMHFV) is a non-
invasive biophysical modality. The vibration signals are mild and
provide systemic vibration to whole body. The biological effects of
systemic vibration include enhanced lubricin expression in artic-
ular cartilage11 and muscle strength12,13, reduced plasma inﬂam-
matory marker concentration and self-perception of pain14, whichtd. All rights reserved.
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increased bone loss and porosity in the subchondral region was
considered a common phenomenon in early stage of OA15. LMHFV
also showed some positive effects on enhancing bone mineraliza-
tion, vascularization and maturation during osteoporotic bone
fracture healing16e18, which may have good potential in preventing
bone loss in OA.
In this study, we hypothesized LMHFV could delay osteoarthritic
cartilage deterioration, prevent subchondral cancellous bone loss
and subchondral sclerosis, thus protecting fromOA progression and
resulting in better limb function in OA rat model. The effects of
LMHFV on osteoarthritic cartilage, distal femur epiphysis, sub-
chondral bone plate and limb function were compared between
control and treatment groups at 6, 12 and 18 weeks after LMHFV
treatment. Histological, morphological, biomechanical and func-
tional assessments were performed.
Materials and methods
OA animal model and animal grouping
Right knee anterior cruciate ligament transection (ACLT) surgery
was performed by a skilled surgeon according to our previous
protocol19, which was approved by Animal Experimentation Ethics
Committee of the Chinese University of Hong Kong (Ref: 09/009/
GRF). After surgery, the rats were allowed free cage movement for
12 weeks to develop OA20. The established OA rats were randomly
divided into control or treatment groups. Two batches of 36 rats
were used for histological and morphological-biomechanical
studies separately. Six rats from both groups were sacriﬁced at 6,
12 and 18 weeks. The third batch of 16 rats was used for functional
test, with eight rats per group tested at 0, 6, 12 and 18 weeks.
LMHFV intervention regime
LMHFV was provided by a customized magnetic levitation vi-
bration platform, which oscillated vertically at 35 Hz with a peak-
to-peak acceleration of 0.3 g (g ¼ gravitational acceleration). Dur-
ing treatment, the rats were housed individually in standard
bottomless and compartmented cage on the vibration platform.
The rats of treatment group received LMHFV treatment for 20 min/
day and 5 days/week, while the rats of control group were placed
on the same platform without vibration with the same regime.Fig. 1. A, Flowchart of group assignment in this study. Three batches with 88 Sprague-Daw
morphological-biomechanical studies separately. Six rats from both groups were sacriﬁced a
rats per group tested at 0, 6, 12 and 18 weeks continuously, where both groups had two rats b
rat each at 6 and 12 weeks time point in control group) according to the exclusion criteri
standard bottomless and compartmented cage on the LMHFV platform, which oscillated verHistological study by Osteoarthritis Research Society International
(OARSI) scoring system
The entire OA affected knee joint was harvested. After ﬁxed and
decalciﬁed routinely, the knee joint was dissected into two
approximately equal halves along the medial collateral ligament
and embedded in parafﬁn block according to the
OARSI recommendation for histological assessment of OA in rats20.
Three serial frontal sections (5 mm thick) with 200 mm intervals
were obtained from each half of the knee. Safranin Oefast green
staining was performed on sections and the severity of OA was
evaluated based on OARSI scoring system21 by two independent
investigators. In this system, the grade (0e6) and stage (0e4) of OA
was marked for each joint surface; the sum of multipliers of grade
and stage from the total four cartilage surfaces of medial and lateral
compartments in a single section was calculated as the OA score.
The average score of three most severe OA affected joint sections
was set as the ﬁnal OA score.
Morphological study by micro-CT
The distal femur was scanned by micro-CT (mCT40, Scanco
Medical, Bruttisellen, Switzerland) to compare total cartilage vol-
ume (CV) and subchondral bone morphology changes between
groups. CV was acquired by following Xie's protocol22. The distal
femur of right knee was immersed in 40/60% (v/v) Hexabrix/0.15 M
PBS at 37C for 30 min and then scanned at 10 mm resolution in the
sagittal direction. After cartilage was carefully selected at every
slide and reconstructed by 3-D evaluation algorithm, the CV of
distal femur was evaluated [Fig. 2(A) and (B)].
Subchondral bone morphology changes were assessed in two
regions: (1) entire epiphysis of distal femur. As the subchondral
cancellous bone in epiphysis is heterogeneous and selection of the
boundary between subchondral bone plate and cancellous bone
could be very subjective. Therefore, the entire epiphysis of the distal
femur from calciﬁed subchondral bone to growth platewas selected
in all sagittal images to avoid sampling bias. After 3-D reconstruc-
tion, bone volume fraction (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th) and trabecular porosity (Tb.Sp) were
acquired and compared between the groups. (2) Subchondral bone
plate density of medial femoral condyle. Middle 20% continuous
slides of medial femoral condyle were analyzed. A 150 mmdiameter
circular region of interest was selected under the calciﬁed cartilageley rats were used in this study. Two batches of 36 rats were used for histological and
t 6, 12 and 18 weeks. The third batch of 16 rats was used for functional test, with eight
eing excluded during the test (two rats at 12 weeks time point in treatment group, one
a (accomplish three compliant runs in 3 days). B, Rats were housed individually in a
tically at 35 Hz and a peak-to-peak acceleration of 0.3 g (g ¼ gravitational acceleration).
Fig. 2. A, Safranin Oefast green stained medial joint compartment at 6, 12 and 18 weeks in both groups (n ¼ 6). Cartilage thickness and red color stained proteoglycan were
decreased with time, which were more severe in treatment group. B, Histogram shows the histology score (mean ± SD) of both groups at 6, 12 and 18 weeks. In control group,
histological score at 18 weeks increased signiﬁcantly as compared with 6 and 12 weeks [mean difference ¼ 21.97 (95% Conﬁdence Interval (CI) 9.17e34.77, P ¼ 0.001) and 17.56 (95%
CI 4.75e30.36, P ¼ 0.006), respectively, one-way ANOVA]. Comparing between groups, the histological score was signiﬁcantly higher in treatment group (P ¼ 0.011, two-way
ANOVA). The pattern of histological score increased faster in treatment group, demonstrating faster cartilage deterioration (P ¼ 0.049, two-way ANOVA).
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areas were reconstructed by 3-D evaluation algorithm, subchondral
bone plate density was acquired and compared between groups.
Biomechanical study by indentation test
The proximal tibia of OA-affected limb was used for testing the
cartilage biomechanical properties. After carefully removing the
menisci, a 2 mm  2 mm square region of interest at the central
area of medial tibial plateau, similar to Cao's methods23. Cartilage
thickness was detected by a high-resolution ultrasound imaging
system (Vevo 770, Visual-Sonics Inc., Toronto, Ontario, Canada).
Following Wang's methods24, samples were placed in a container
and immersed into 0.15 M PBS with the cartilage surface aligned at
the horizontal orientation. Cartilage thicknesses at two sites sepa-
rated by 200 mm were measured by a high-frequency ultrasound
probe (RMV-708, axial resolution 30 mm) in vertical direction. Mean
thickness of the two sites was used for elastic modulus calculation.
The indentation test was performed by Mach-1®micro-mechanical
tester (BioSyntech Canada Inc., Laval, Canada). Samples were ﬁrmly
ﬁxed on the dock by ﬁxation bolts with the cartilage surface at the
horizontal orientation and immersed into 0.15 M PBS during
testing. Cartilage of the same area was tested by following the
method established by a previous study25 using a 0.5 mm diameter
ﬂat tip indenter. The slope of loadingedisplacement curve of
0.5e2 g force interval was evaluated by drawing a linear trend line.
The elastic modulus was ﬁnally calculated by the slope multiplying
with the cartilage thickness and divided by indenter's surface area.
Functional study by gait analysis system
Gait analysis test was performed by the CatWalk XT 9.0 system
(Noldus Information Technology, Wageningen, The Netherlands) at
0, 6, 12 and 18 weeks following Fu's protocol26. All the rats were
weighed before test and the detecting threshold (Camera gain: 32,
Intensity threshold: 0.2) was set to pick up the illuminated contact
prints. The rats needed to walk through an area of 8 cm wide and
20 cm long in this test. A steady walk with the speed variation less
than 30% was considered as a compliant run and analyzed after the
test. Any rat not able to accomplish three compliant runs in 3 days
at each test was excluded from this study. Mean contact intensity,
swing speed, duty cycle (the portion of stand phase in a step cycle)
and regularity index (the portion of regular cycles in the totalcycles) of the right knee and the limb idleness index (representing
the OA-related knee pain)26 were compared between groups.Statistical analysis
Statistical analysis was done using Statistical Package for Social
Science (SPSS) 20.0 (IBM, NY, USA). The histological OA score, CV
and elastic modulus, parameters of distal femur epiphysis and
subchondral bone plate were compared among time points within
each group by one-way Analysis of Variance (ANOVA) with post-
hoc Bonferroni test after checking for data normal distribution,
and between groups by two-way ANOVA. Functional parameters
were compared between groups by Repeated Measures ANOVA.
Signiﬁcant difference was determined at P < 0.05.Results
Histological changes of articular cartilage
Cartilage degeneration was mostly developed in the medial
compartment of knee joint. The severity of cartilage deterioration
increased with time, as demonstrated by the loss of safranin O
stained proteoglycan and decrease in cartilage thickness [Fig. 1(A)].
Comparing within group, the score at 18 weeks was signiﬁcantly
higher than those at 6 and 12weeks in control group (P¼ 0.001 and
0.006, respectively, one-way ANOVA). No signiﬁcant difference of
the score among time points was observed in treatment group.
Comparing between groups, the histological score of treatment
group was signiﬁcantly higher than that of control groups
(P ¼ 0.011, two-way ANOVA). The pattern of histological score
changes between groups over time also showed signiﬁcant differ-
ence (P ¼ 0.049, two-way ANOVA), with faster cartilage deterio-
ration in treatment group [Fig. 1(B)].Volume changes of articular cartilage
Comparing within groups, the CV of both control and treatment
groups did not increase signiﬁcantly from 6 weeks to 12 weeks, but
decreased dramatically from 12 weeks to 18 weeks (P ¼ 0.001 in
control group, P ¼ 0.019 in treatment group, one-way ANOVA)
[Fig. 2(C)]. Comparing between groups, the CV of treatment group
was signiﬁcantly higher than control group (P ¼ 0.019, two-way
Fig. 3. A and B, Representative thickness maps of distal femur cartilage of control group (A) and treatment group (B) at 12 weeks. C, Histograms of CV of distal femur (n ¼ 6).
Comparing within group, it decreased from 12 to 18 weeks in both groups [mean difference ¼ 0.431 (95% CI 0.214e0.648, P ¼ 0.001) in control group, 0.591 (95% CI 0.104e1.079,
P ¼ 0.019) in treatment group, one-way ANOVA]. Comparing between groups, it was higher in treatment group (P ¼ 0.019, two-way ANOVA). D, Histogram of density of subchondral
bone plate region (n ¼ 6). Comparing within groups, it increased from 6 to 18 weeks in both groups [155.145 (95% CI 121.377e188.913, P < 0.001) in control group, 129.580 (95% CI
31.158e228.003, P ¼ 0.009) in treatment group, one-way ANOVA], and increased from 12 to 18 weeks in control group [127.223 (95% CI 97.020e157.426, P < 0.001), one-way
ANOVA]. No difference was observed between groups. EeG, Histograms of BV/TV, Tb.N and Tb.Sp of distal femur epiphysis, respectively (n ¼ 6). Comparing within group, BV/
TV, Tb.N increased and Tb.Sp decreased from 6 to 18 weeks in treatment group [0.065 (95% CI 0.016e0.114, P ¼ 0.009), 1.158 (95% CI 0.131e2.186, P ¼ 0.025) and 0.045 (95% CI
0.007e0.083, P ¼ 0.020), respectively, one-way ANOVA]. No change was observed in control group. Comparing between groups, Tb.N was higher in treatment group (P ¼ 0.035, two-
way ANOVA). Pattern of BV/TV, Tb.N and Tb.Sp changed signiﬁcantly over time. Bone formation increased in treatment group (P ¼ 0.006, 0.018 and 0.011, respectively, two-way
ANOVA). H, Histogram of cartilage elastic modulus of medial tibial plateau. No difference was observed within or between groups (Error bar: ±1 SD).
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groups over time was observed.
Morphological changes of epiphysis and subchondral bone plate
Comparingwithin groups, BV/TV andTb.N signiﬁcantly increased
and Tb.Sp signiﬁcantly decreased from 6 weeks to 18 weeks in
treatment group (P ¼ 0.009, 0.025 and 0.020, respectively, one-way
ANOVA). No signiﬁcant difference of these parameters between
time points was observed in control group. Comparing between
groups, Tb.N signiﬁcantly increased in treatment group (P ¼ 0.035,
two-way ANOVA). Patterns of BV/TV, Tb.N increased and Tb.Sp
decreased signiﬁcantly between groups over time (P ¼ 0.006, 0.018
and 0.011, respectively, two-way ANOVA) [Fig. 2(E)e(G)]. Bone for-
mation at the distal femur epiphysis in treatment group was better
than that of control group. No differencewas observed in the pattern
of trabecular bone thickness change between groups over time.
Subchondral bone plate density increased steadily in both
groups. Comparing within group, the bone density increased
signiﬁcantly from 6weeks to 18 weeks and 12 weeks to 18 weeks in
control group (P < 0.001 and P < 0.001, one-way ANOVA), and
increased signiﬁcantly from6weeks to 18weeks in treatment group
(P¼ 0.009, one-wayANOVA) [Fig. 2(D)]. No difference of the pattern
of bone density change between groups over time was observed.
Mechanical property changes of articular cartilage
Comparing within groups, the elastic modulus kept almost the
same in control group but increased slightly in the treatment group,yet no signiﬁcant difference was found among the time points in
both groups. Comparing between groups, no difference of the
elastic modulus was observed. The pattern of elastic modulus
change between groups over time showed no difference either
[Fig. 2(H)].Functional changes of OA affected limb
Six rats (n ¼ 6) from each group met the compliant run criteria
and were included in this assessment. Comparing between groups,
the body weight of rats and the pattern of body weight changes
between groups over time did not show any difference (P ¼ 0.085
and 0.651, respectively, Repeated Measures ANOVA). The control
group showed signiﬁcantly higher duty cycle and regularity index,
while the limb idleness index was signiﬁcantly lower, as compared
with treatment group (P ¼ 0.020, 0.012 and 0.005 respectively,
Repeated Measure ANOVA) [Fig. 3(A)e(C)]. No difference of mean
intensity and swing speed was observed between groups. No dif-
ference of the pattern of these parameters change between groups
over time was observed either [see Fig. 4].Discussion
The present study compared the effect of LMHFV on osteoar-
thritic cartilage, subchondral bone and limb function between the
control and treatment groups in ACLT-induced OA rat model. His-
tological study showed that LMHFV accelerated cartilage degra-
dation with faster increase in histological score. CV also increased
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weeks, which might be attributed to cartilage swelling. These
ﬁndings were also reﬂected in the worse functional results in
treatment group with lower duty cycle, lower regular index and
higher LII. Elastic modulus of cartilage in medial tibial plateau
showed an increasing trend after vibration treatment, though no
signiﬁcant difference was observed. In contrast, bone formation of
epiphysis in distal femur was improved by LMHFV treatment with
increased BV/TV, Tb.N and decreased Tb.Sp. Subchondral bone plate
density increased signiﬁcantly along with OA progress in both
groups.
Musculoskeletal tissues are highly sensitive to mechanical
stimulation, while existing in vivo and clinical studies related to the
effects of mechanical stimulation on cartilage or OA showed
controversial results. Previous in vitro studies showed that me-
chanical stimulation (10% scaffold thickness amplitude, 1 Hz, last
for 24 h) could enhance matrix protein accumulation in cultured
chondrocytes27. Whole body vibration (2.5e5 mm amplitude,
12e14 Hz, 20 min 3 times/day, 3 days/week, last for 8 weeks) was
also found to reduce pain intensity, improve quadriceps strength
and dynamic balance performance in chronic knee OA patients12.
However, some other studies found that long-term repetitive me-
chanical loading (20% of maximum isometric force of knee joint,
0.5 Hz, 50 min/day, 3 days/week, last for 4 weeks) also accelerated
cartilage degeneration and increased chondrocyte death in rab-
bit28. Cyclic mechanical loading caused cartilage degeneration in
mouse (4.5 N and 9.0 N, 4 Hz, 5 min/day, 5 days/week, last for 1, 2
and 6 weeks)29 and did not show stimulating effect on collagen
synthesis in explanted bovine articular cartilage (Peak stress
0.5 MPa, 0.1e1 Hz, cyclic loading 5e20 s and unloading 10e1000 s,
last for 6 days)30. Compared with these studies performed on
normal cartilage, similar ﬁndings were observed in OA affected
cartilage in this study. LMHFV (0.3 g, 35 Hz, 20 min/day, 5 days/
week, last for 6, 12 and 18 weeks) induced faster cartilage deteri-
oration and worse functional performance in ACLT-induced OA rat
model. One potential reason leading to equivocal conclusions is the
different mechanical stimulation modalities together with the
different energy scales applied in these studies. Cartilage may be
beneﬁtted from some speciﬁc mechanical stimulation modalities
and a deﬁnitive energy scale. This phenomenon was observed in a
study that moderate dynamic compression (10% and 20% ﬁnal
strain at a strain rate 100%/s, 1 h load/5 h rest cycle, 6 days) pro-
tected cartilage form mechanical injury by inhibiting pro-catabolic
response and cytokine challenge, while the strain amplitude over aFig. 4. Histograms of the duty cycle, regular index and limb idleness (mean ± SD) of both gro
decreased and limb idleness index (C) increased in treatment group, which means severe
Repeated Measure ANOVA).particular threshold (30% ﬁnal strain at a strain rate 100%/s, 1 h
load/5 h rest cycle, 6 days) was detrimental to cartilage31.
Bone remodeling in OA was found to increase during the
development of early stage OA, while bone resorption was
decreased at late stage OA with unaffected bone formation15. Tak-
ing alendronate and osteoprotegerin could inhibit OA progression
by suppressing bone remodeling in the subchondral bone (10
weeks post ACLT surgery and 6 weeks post medial meniscectomy
surgery, respectively)32,33. Yu et al. found that in a rat medial
meniscal tear model, zoledronic acid improved subchondral
microstructural parameter and attenuated cartilage degeneration
when administrated at early stage (4 weeks after surgery), but no
effect was observed when administrated at late stage (12 weeks
after surgery)34. Burr et al. considered that suppressing bone
remodeling would be beneﬁcial to early stage OA as increased bone
remodeling happened at this stage, while it was not likely to be
effective at late stage OA as the remodeling rate would have
decreased15. In this study, obvious bone remodeling was not
observed in the control group. In contrast, LMHFV promoted bone
formation in OA affected distal femur epiphysis. This may result
from the inhibited osteoclasts formation regulated by osteocytes
after LMHFV stimulation35. However, the increased bone formation
did not reverse OA progression. This is possibly because time-
points investigated in this study (18, 24 and 30 weeks post-
surgery) were at a relatively late stage of OA, which bone resorp-
tion was not obvious at this stage and thus increased bone forma-
tion did not protect OA progression.
Gait analysis technique provided a detailed and objective
method to evaluate the functional changes in OA animal models36.
The CatWalk gait analysis system is a video based automated gait
analysis system developed to evaluate gait pattern and weight
bearing related variables in rodents37. Most of the previous studies
focused on pain regulation in osteoarthritic knee joint by using this
system38e41. According to these studies' ﬁndings, duty cycle is
considered directly related to pain perceived in the limb. It
decreased signiﬁcantly due to the chemically induced acute in-
ﬂammatory pain in rat knee joint39,40. Regular index represents the
perfectness of inter-limb coordination and also correlates to limb
pain. It decreased in chemically induced acute inﬂammatory knee
joint rat model38,40, and could be remitted by analgesic drugs38.
Limb idleness index was found increased in ACLT-induced OA rat
model and could be effectively reversed by buprenorphine26, thus
considering as a useful parameter to evaluate knee pain. In this
study, duty cycle, regular index decreased and limb idleness indexups at 6, 12 and 18 weeks (n ¼ 6). Duty cycle (A) and regular index (B) were signiﬁcantly
r limb pain provoked by LMHFV treatment (P ¼ 0.020, 0.012 and 0.005, respectively,
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higher level of pain was induced in the OA affected limb.
An interesting ﬁnding was that the CV was higher in treatment
group, while the histological result in this group showed more
severe cartilage degeneration. This paradoxical ﬁnding may be due
to cartilage swelling in OA. Cartilage swelling was highly correlated
with the collagen degradation42 andwas also observed by the high-
resolution MRI in early stage OA patients43. Previous studies found
that the content of cartilage matrix decreased during cartilage
degeneration42,44, leading to a decreased interstitial osmotic pres-
sure and hence cartilage swelling45. In this study, LMHFV enhanced
cartilage damage and induced severer cartilage swelling, which
resulted in higher CV in treatment group.
OA animal models could be divided into spontaneous, surgically,
chemically, genetically induced model. Due to the various etiology
and progression of human OA, identiﬁcation of an optimal animal
model for the human disease is very difﬁcult46. Considering high
reliability, feasibility and low cost, ACLT-induced OA rat model was
used in this study. The etiology of this kind of surgically induced OA
model is based on the surgery-induced joint instability, which leads
to abnormal mechanical distribution47, increased inﬂammatory
cytokines and extracellular matrix-degrading enzymes in the
joint48. So it cannot entirely represent a spontaneous, naturally
occurring human OA but a posttraumatic OA. Future study should
observe the effect of LMHFV on a stable knee joint OA that is more
prevalent in elderly, such as spontaneous OA animal model, to
better understand the effects of LMHFV on OA.
In conclusion, LMHFV accelerated cartilage degeneration and
caused functional deterioration of OA in an unstable knee induced
by ACLT. In contrast, LMHFV promoted bone formation in OA
affected distal femur epiphysis, but did not reverse OA progression.
Further work to study the effect of LMHFV on a stable knee joint OA
model would contribute to a better understanding of OA progres-
sion and the development of clinical treatment.
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